Figure 1. Defect Pareto diagram of champion EUV mask blanks at SE-MATECH in 2005 (left) and 2008 (right). Total defects are 18 defects ≥73nm in 2005 and 8 defects ≥53nm in 2008.
particles on the substrates, which makes substrate cleaning a vital step in reducing EUV mask defectivity.
Substrate defects are divided into soft and hard particles. Soft particles are those on the top of the substrate that are attached to the surface by Van der Waals forces; hard particles, on the other hand, are partially embedded in the surface or are shallow particles with a large contact area. We have demonstrated that such hard defects can be removed by multiple cleaning steps. However, even after removal, traces remain as pit defects in the substrate (see Figure 2 ) that were created during chemical mechanical polishing (CMP) steps. Therefore, when using this method, improving the polishing process is the most critical step in reducing substrate pits. 3 There are techniques to reduce pits, such as pit smoothing by multilayer deposition/etch, which was originally developed at Lawrence Livermore National Lab. 4 This process has been transferred to SEMATECH. However, despite the high smoothing capability, this technique currently leads to a higher total number of defects due to difficulty in controlling the chamber cleanliness. Therefore, although substrate pits can be smoothed, the multilayer deposition/etch process itself is not yet clean enough to be used in EUV blank manufacturing.
Recently, SEMATECH researchers developed a pit smoothing processes based on anisotropic etching of the surface layer on the glass, which results in shallower and wider pits while also reducing the total number of defects on the substrate. 5 After smoothing, the average pit depth is shallower and the depth distribution is reduced (see Figure 3) . Tests show that the number of defects ≥50nm have been reduced from 134 to 4 (see Figure 4) .
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Still, efforts to reduce defects are hampered by the limits of current mask blank inspection systems. In response to this critical requirement, SEMATECH and Lasertec engaged in a joint development program to develop the M7360 blank inspection system to detect particles ≥30nm. The Lasertec M7360 has provided valuable information for both SEMATECH and the industry. However, with the prospect of EUVL extending to the 16nm half-pitch node, the need for a new blank inspection tool capable of detecting defects as small as 20nm is evident.
Another important consideration is the effect of mask cleaning on mask life time. EUV masks need to be durable under multiple cleaning processes. 6 The capping layer on top of the MoSi multilayers of the blank is the most critical layer in this case. It has two functions. The first is to protect the MoSi multilayer, and the second is to serve as an etch stop layer for absorber patterning. Two common capping materials are ruthenium (Ru) and silicon (Si). Si does not have good selectivity to chemistries used in dry etching the absorber. As a result, an additional buffer layer is usually used between the absorber and capping layer. A 2.5nm thick Ru layer can provide both capping and etch stop properties. However, Ru can be oxidized by UV radiation and/or exposure to some common chemicals used for mask cleaning.
Our efforts have shown that cleaning the EUV mask substrate is the most challenging particle removal problem in current semiconductor technology. The substrate defects that remain are the greatest contributors to the total number of EUV mask blank defects, and there remains a need to improve CMP and final glass polishing steps to reduce pit defects. We are continuing to look at new ideas for pit smoothing by cleaning, and are studying different chemistries for Ru cleaning to obtain a cleaning process that does not change the surface properties of the cap.

